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We perform a calculation for the three body NKK scattering amplitude by using the fixed center 
approximation to the Faddeev equations, taking the interaction between N and K, N and K, and K 
and K from the chiral unitary approach. The resonant structures show up in the modulus squared 
of the three body scattering amplitude and suggest that a NKK hadron state can be formed. Our 
results are in agreement with others obtained in previous theoretical works, which claim a new N* 
resonance around 1920 MeV with spin-parity J p — l/2 + . The existence of these previous works 
allows us to test the accuracy of the fixed center approximation in the present problem and sets the 
grounds for possible application in similar problems, as an explorative tool to determine bound or 
quasibound three hadron systems. 



PACS numbers: 14.20. Gk.; 21.45.-v. 

I. INTRODUCTION 

The study of hadron structure and the spectrum of 
hadron resonances is one of the most important issues 
and is attracting much attention. Recently, the topic 
of meson-baryon states, with mesons and baryons gov- 
erned by strong interactions, is well developed by the 
combination of the chiral Lagrangians with nonpertur- 
bative unitary techniques in coupled channels, which has 
been a very fruitful scheme to study the nature of many 
hadron resonances. The analysis of meson-baryon and 
meson-meson scattering amplitudes shows poles in the 
second Riemanm sheet, which are identified with exist- 
ing hadron resonances or new ones. In this way the low- 
lying l/2 _ resonances are generated m\$, including the 
7V*(1535) 1] and two A(1405) states [|]7 More recently, 
the low- lying 1/2+ states have also been generated from 
two mesons and a baryon such as the N* (1710) resonance 
and others d, [l(| ■ 

Within the chiral unitary approach, the / (980) and 
arj(980) scalar mesons are dynamically generated from 
the interaction of KK, tttt, and r)ir treated as coupled 
channels in / = and 1 = 1, respectively (hI4t7| . Both 
couple strongly to the KK channel. In this sense the 
/o(980) and ao(980) scalar mesons can be explained as 
KK bound states. 

The effective interactions of KN have been studied in 
a unitary chiral theory B-jj], 0-0, Il8l - [2l| and in a phe- 
nomenological way [22h25| . Within the unitary chiral 
theory, two A(1405) states are dynamically generated, as 
we mentioned above, the higher mass one corresponding 
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to basically a KN bound state and the lower mass one 
looking like a 7r£ resonance. In the phenomenological 
approaches, the strong attraction of KN in the 1 = 
sector provides A(1405) as a bound state of KN. 

Recently, there is growing evidence that some exist- 
ing hadronic states can be interpreted in terms of bound 
states or resonances of three hadrons. Some new states 
of this nature have also been reported. For example, it 
has been found that the F(4660) resonance reported in 
e+e~ — > 1isrtt + tt~iIj' can be interpreted as a V'/o(980) 
bound state [26j]. In Ref. (27|, the Faddeev equations for 
the ttKN system were solved by using the chiral unitary 
approach and coupled channels, and several E* and A* 
resonances with spin-parity J p = l/2 + in the energy re- 
gion 1500— 1800 MeV were dynamically generated. The 
X(2175) (now 0(2170)) state, claimed by different ex- 
perimental groups |28l - [30l | in the (f>fo (980) invariant mass 
spectrum, has been interpreted as a tpKK resonance with 
KK forming the /o(980) scalar meson (31rl33| . 

For the NKK system, having strong attraction in the 
KN and KK subsystems, it is naturally expected that 
the three hadrons NKK form a hadron state. Indeed, 
this state has been studied in Ref. [34[ with nonrelativis- 
tic three-body variational calculations by using effective 
KN, KK, and KN interactions and in Refs. 
by solving the Faddeev equations in a coupled chan- 
nel approach. They all found a bound state of the 
NKK system with total isospin 1=1/2 and spin-parity 
J p = l/2+. 

In the present work, we reinvestigate the three-body 
NKK system by considering the interaction of the three 
components among themselves, keeping in mind the ex- 
pected strong correlations of the KK and KN system to 
make the / (980)(a (980)) and A(1405_) respectively. In 
terms of two-body NK, NK and KK, KN scattering 
amplitudes, we solve the Faddeev equations by using the 
Fixed Center Approximation(FCA). The main purpose 
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of the present work is to test the validity of the FCA to 
study systems of three hadrons in conditions similar to 
the present one. The FCA has been employed before, in 
particular in the study of the Kd interaction at low ener- 
gies [38l - l4l| . Comparison of full Faddeev equations and 
the FCA can be extracted from Refs. HHH, where it 
is shown that the FCA is a good approximation for this 
problem at the level of a few percent. This approach was 
also used in Ref. to describe the / 2 (1270), p 3 (1690), 
/4(20 50), ,05(2 3 50) and / 6 (2510) resonances as multi- 
p(770) states, and in Ref. [H] to study the #£(1430), 
#£(1780), #|(2045) ; # 5 *(2380), and a not yet discovered 
#g resonances as K*— multi— p states. Very recently, we 
gave an interesting explanation of the A5/2+ puzzle by 
using this approach in the irAp system [46j. 

One basic feature of the FCA is that one has a cluster 
of two particles and one allows the multiple scattering 
of the third particle with this cluster, which is supposed 
not to be changed by the interaction of the third particle. 
Intuitively one can think that this would mostly happen 
when the particles in the cluster are more massive than 
the third one. One might also think that the approxima- 
tion could be better if the third particle had small energy, 
such that it can not perturb too much the cluster of the 
two particles. Whatever it is, one does not know the ac- 
curacy of the FCA until a comparison is made with the 
more elaborate Faddeev equations. On the other hand, 
technically, the FCA is much easier than the Faddeev 
equations, which require lengthly calculations and also 
approximations, to the point that some approximations 
done to make the Faddeev equations feasible might in- 
troduce larger uncertainties in some problem than those 
introduced by the FCA. With this perspective it is im- 
portant to be able to quantify uncertainties of the FCA 
in certain circumstances such that it can be used as a 
prospective tool to investigate possible structures of three 
hadrons, leading to bound or quasibound states, in differ- 
ent systems and similar circumstances. This is the main 
purpose of the present work. We shall take advantage 
that the present problem has been solved with two in- 
dependent methods, full Faddeev equations [35l - l37j and 
variational approach [34| j such that comparison with the 
result of these works can give us a feeling of the accuracy 
of the FCA. 

In next section, we present the FCA formalism and in- 
gredients to analyze the NKK system. In Section III, 
our results and discussions are presented. Finally, con- 
clusions are given in section IV. 



II. FORMALISM AND INGREDIENTS 

We are going to use the FCA of the Faddeev equations 
in order to obtain the scattering amplitude of the three 
body NKK system. We consider KK as a bound state 
of /o/ao(980) scalar meson in one case, and KN as a 
bound state of A(1405) state in the other, which allows 
us to use the FCA to solve the Faddeev equations. The 



analysis of the N - (KK) / / ao (980) and K - (iV/V) A (uo5) 
scattering amplitudes will allow us to study dynamically 
generated resonances. 

The important ingredients in the calculation of the to- 
tal scattering amplitude for the NKK system using the 
FCA arc the two-body KN, KN and KK unitarized 
s— wave interactions from the chiral unitary approach. 
Since this work has been reported on many occasions, we 
direct the reader for details to Refs. @, [U, H3] ■ 

In the FCA approach we need as input the wave func- 
tion of a two particle cluster and the scattering amplitude 
of the third particle with those of the clusters. The wave 
functions, and the corresponding form factors, are taken 
from Refs. [3 |49[, where a quantum mechanical study 
of the coupled channels interaction is done in a way that 
gives the same scattering amplitudes as those obtained 
in the field theoretical treatment of the chiral unitary 
approach. 



A. Form factors for the / /a (980) and the A(1405) 

One of the ingredients in the calculation is the form 
factor for the assumed two body cluster, the /o(980) and 
ao(980) in one case, or the A(1405) in the other. Follow- 
ing the approach of Ref. [H, [4!| , we can easily get the 
expression for the form factor Fb* (q) for the bound state 
B* of a pair of particles 1 , 
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p\<A,\p-q\<A 2uJ l (p) 20J 2 [P) 

1 1 1 

V 

M - wi(p) - u 2 (p) 2u>i(p- q) 2uj 2 (p- q) 
1 



M - lji(p - q) - uj 2 (p- q) 
where the normalization factor J\f is 

^ I\p\< A d ^ ( 2wi (p) 2u 2 (p) 
1 



(1) 



(2) 



where M is the mass of the bound state, which is 980 
MeV for the /o or ao scalar meson and 1420 MeV for the 
A(1405) state in the present computation. The approach 
requires the knowledge of A, the cut off that is needed 
in Refs. [HI, |4{|, to regularize the loop functions in the 
chiral unitary approach. 

In Figs.[l] and [21 we show the respective form factors 
for the / (a (980)) and A(1405) as a function of q. The 



1 For the sake of brevity and to avoid repeating similar equations 
for the two different configurations, the field normalization fac- 
tors in our approach include a factor 2m jv for nucleon, but since 
we normalize Fg* to 1 at q = 0, Eqs. JTJ and l[2} are general. 
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condition |ff — q\ < A implies that the form factor is 
exactly zero for q > 2A. In the present work, we use 
A = 1000 MeV and 630 MeV for the / /a (980) and the 
A(1405), respectively 0, [lH 
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FIG. 1: Form factor for the / (980)(a (980)). The solid line 
stands for the original result, and the dashed line corresponds 
to the cluster with a radius decreased by 20%. 




q(MeV) 



FIG. 2: As in Fig.[TJbut for the A(1405). 

In the FCA, we keep the wave function of the clus- 
ter unchanged by the presence of the third particle. In 
order to estimate uncertainties of the FCA due to this 
"frozen" condition we admit that the wave function of 
the cluster could be modified by the presence of the third 
particle. Since the interaction is attractive in the present 
case it should induce a reduction of the size of the clus- 
ter However, unlike in Ref. [5(| where the size of 
the NN cluster is mostly determined by the long range 



of 7r exchange, and its size can be sizeable reduced, in 
the present case both the KK and KN interaction are 
governed by the exchange of vector mesons (implicit in 
the chiral Lagrangians and explicitly shown in the local 
hidden gauge formalism [51( ) , thus the size is determined 
by the constraints of the uncertainty principle, since the 
range of the interaction is zero. In this case the presence 
of the third particle cannot reduce the size of the cluster 
much. In order to quantify uncertainties of the FCA, we 
perform calculations for the case where the cluster radius 
is decreased by 20%. Technically, this is accomplished by 
increasing 20% the masses of the particles involved in the 
cluster in Eqs. (J) and ©. 

B. Faddeev FCA equations 

The FCA to the Faddeev equations are depicted dia- 
grammatically in Fig. [3] The external particle 3 interacts 
successively with the particle 1 and particle 2 which form 
the bound states. For the case of A^ — (KK)f / ao ( 9SQ ) 
configuration, since the masses of /o(980) and a (980) 
are equal, the Nf — > Nao transition should be impor- 
tant to the total three body scattering amplitude, and 
we consider this transition in our calculation. Then the 
FCA equations for the A^ — (KK) / / ao (98o) configuration 
are written in terms of four partition functions (T\ , T 2 , 
fx, and f 2 ' for Nf a -> Nfo, and %, %, f u and f 2 for 
Nao — > Nao), which read, 



Ti = 


ti + tiGoT2 


+ tlG<yf2 , 


(3) 


T 2 = 


t 2 + tiG^Tx 


+ t2G()fi , 


(4) 


xY = 


- 1\ + tiGoT2 


+ tiGof 2 , 


(5) 


f 2 ' = 


- <2 + ^GoTi 


+ ^GuTi , 


(6) 


T Nf 


->iv/o = Ti + 


T 2 , 


(7) 


% = 


t\ + tiGoT2 


+ t\GoT2, 


(8) 


% = 


t2 + t2GoTi 


+ ^GoTi, 


(9) 


fx = 


ti + tiGoT2 


+ tiGoT2, 


(10) 


T 2 = 


t2 + t2GoTi 


+ t2GgTi, 


(11) 


Tn<i 


— >Nao = Tl -f 


T 2 , 


(12) 



where T/v/ ^Ar/ and TV ao _j.jva are the total three-body 
scattering amplitudes, Tj and Ti (i = 1,2) account for all 
the diagrams starting from the interaction of the exter- 
nal particle with particle i of the compound system for 
Nfo —> Nfo and Nao — > Nao, respectively, while fi and 
Ti account for the intermediate virtual transition contri- 
butions for N fo —t Nao and Nao ~> Nfo, respectively. 
Hence, U, U and U represent the corresponding two body 
(particle 3 and particle 1 or particle 3 and particle 2) uni- 
tarized scattering amplitudes. In the above equations, Go 
is the loop function for the particle 3 propagating inside 
the compound system which will be discussed later on. 

For the case of the K — (KN)^ U0 5) configuration, 
since we do not expect other s— wave meson-baryon chan- 
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(c) (d) 



FIG. 3: Diagramatic representation of the fixed center ap- 
proximation to the Faddeev equations. Diagrams (a) and 
(b) represent the first contributions to the Faddeev equations 
from single scattering and double scattering respectively. Di- 
agrams (c) and (d) represent iterations of the interaction. 

nels to play any relevant role in the present calculation, 
the FCA equations are written in terms of only two parti- 
tion functions T\ and T 2 , which sum up to the total three 
body scattering amplitude. In this case the equations are 
easy and we just have 

Ti=t 1 +t 1 G T 2 , (13) 
T 2 = t 2 +t 2 G T x , (14) 

TftTA(1405)^ifA(1405) = T\ + T 2 . (15) 



C. Single-scattering contribution 



The amplitude corresponding to the single-scattering 
contribution (Fig. [3] (a) + term with interaction initiated 
on p 2 ) comes from the t\, t%, t\ and t 2 , t 2l t 2 , which are 
the appropriate combination of the two body (particle 
3 and particle 1 or particle 3 and particle 2) unitarized 
scattering amplitudes. For example, let us consider a 
cluster of KK in I = (/o(980)), the constituents of 
which we call 1 and 2, and the external nucleon N will 
be numbered 3. The KK isospin state is written as 



\KK> I=0 = 




where the kets in the last member indicate the I z com- 
ponents of the particles 1 and 2, \(Iz , Ii ) >. 

The scattering amplitude < NKK\t\NKK > for the 
single scattering contribution can be easily obtained in 
terms of the two body amplitudes £31 and t 32 derived in 

Refs. HflH,[iiil. 

Here we write explicitly the case of Nfo — » Nfo, 



< NKK\t\NKK > = (< {KK)\ Iz=0 ® < N\ Iz=1/2 ){t 31 + t 32 ){\(KK) > Iz=0 (g) \N > Ix=1/2 ) 

= (yf « (5, < (--, 5)1) ® < N\ Iz=1/2 )(t 31 + h 2 ){^j\{\{\, -\) > -\{-\, \) >) \n > Iz=1/2 ) 

< y|((n), -~) - i(((io) + (oo)), i)|* 32 |y|((ii), -\) - ~(((io) + (oo)), \) >, ( 



where the notation followed in the last term for the states 



kn IZ kn)^k) for *3i! while (VknIrn),!^) for t 32 . 



is ((Ir 

This leads to the following amplitude for the single scat- 
tering contribution, 



h 

*2 



4 NK 1 


- V- = 

^ N K ~ 




1 f I=0 j 
^ l NK " 


- -^NK = 







NK 





NK 



A NK' 



-t 



NK- 



(18) 
(19) 



Proceeding in a similar way, we can get all the ampli- 
tudes for the single scattering contribution in the present 
calculation which are shown in Table Q] for the cases of 
N - (KK) / /a (980) and K - (KN) A{1405) configurations 
with total isospin Ij^kk = 1/2 . 

It is worth noting that the argument of the to- 
tal scattering amplitudes TV/ ->jv/ , 7jv ao -s-Afa and 
are functions of the total invariant 



T, 



KA(1405)->-.K"A(1405) 
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TABLE I: Unitarized two-body scattering amplitudes for 
the single scattering contribution for the cases of N — 
(KK) fo/ao(gso) and K - (K AQa(i405) configurations with 
Inkk ~ 1/2- 



unity neglecting the k, k' momentum in Ref. [44] since 
only states below threshold were considered. To consider 
states above threshold, we project the form factor into 
s-wave, the only partial wave that we consider. Thus 





h (ti or ii) 


t 2 (ti or t 2 ) 


Nf - 


+ Nf 


1+0 .3+1 
4 NK ' 4 b NK 


1.0 , 3.1 

1 Z NK + J l NK 


Na - 


■¥ Na 


3+0 , 1.1 _ 
4 NK > 4 NK 


3.0 , 1.1 

J l NK T J^NK 


Nf - 


+ Na 


4 NK 4 ''NK 


a/3+1 , VS.O 
~ l NK T —*NK 


AA(1405) - 


+ AA(1405) 


It 1 - + it - 
4 KK ' 4 KK 


3.1 , 1.0 

J l KN T 4 r KJV 



with 



mi + m 2 



FFSi(s) 



mi + m 2 



cosb 



F B .(h)d(cos9), 
(23) 



i = 1 for t 2 (*2 or t 2 ), 
i = 2 for ti or ti). 



mass s, while the argument in t\ (ti or fi) is s' x and 
in ti (ti or ^2) is s 2 , where s'i and s' 2 are the invariant 
masses of the external particle 3 with momentum k\ and 
particle 1 (2) insider the bound state (/o(980), ao(980) 
or A(1405)) with momentum Pi(pi), which are given by 



mi] + mf + 

(M 2 + m\ - m|)(s - m§ - M 2 ) 



(M 2 



2M 2 



TO 2 )(s 



M 2 ) 



2M 2 



(20) 



(21) 



Following the approach developed in Ref. [44| , (see also 
section 4 of Ref. [49[ for details on the form factors) we 
can easily write down the S— matrix for the s ing le scat- 
tering term in the Mandl-Shaw normalization 52], which 
we follow, as 



and 



k = 



\/(s — (mi + m 2 + m 3 ) 2 )(s - (mi + m 2 - m 3 ) 2 ) 



2^ 



(24) 



is the modulus of the momentum of the particle 3 in the 
center of mass frame of NKK system when the total rest 
energy </s is above the threshold of the three particles. 
Below threshold, the wave functions still provide a finite 
real momentum k, but are small enough, such that we 
can take k = in this case. 

In Fig. IH we show the projection over the s-wave of the 
form factor FFSi(s) (equal to FFSi(s)) (solid line) for 
the case of 7V/ O (ao(980)) scattering and FFSi(s) (dashed 
line), FFSi(s) (dotted line) for the case of iTA(1405) 
scattering. As one can see, in all cases, the form factor 
has a smooth behavior. 



(i) 



■ s. 



(1) 



= (H^( m : (fci r^ i} ))^- 



mi + mi 



( if F ( mi(kx-kO BF 2 1 
(~itik B > ( - ■ - — ))— 2 



mi + mi 




= (2 7 r) 4 ( ; 4 (fci +K-k[ -JO, (22) 



where V stands for the volume of a box where we nor- 
malize to unity our plane wave states, and BF\ and BF 2 
are the field normalization baryon factors, BF\ = BF 2 — 
2mjv for N — (iTiT)j ( Qo (g 8 o)) configuration, while for the 
case of K—(KN)^i4 05 ), they are BF\ = 1, BF 2 = 2mjv. 
With this normalization, t\ and t 2 have the standard 
form as evaluated in the chiral unitary approach. The 
symbols k\, k[, K, and K' stand for the four momenta of 
the initial, final particle 3 and initial, final bound state 



B*. InEq. m- FB-V mi+I .,_ 
the bound state B*. This form factor was taken to be 



-) is the form factor of 




1930 1940 1950 1960 1970 1980 1990 2000 



S 1/2 (MeV) 



FIG. 4: Form factor FFS(s) for the A/ (a (980)) and 
AA(1405) scattering. 
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D. Double-scattering contribution 



Next, we are going to evaluate the amplitude of the 
double-scattering contribution (Fig. [3] (b) + term with 
interaction initiated on p 2 ) in the same way as in case of 
multi-rho meson interaction in Ref. pij . The expression 
for the S— matrix for the double scattering (S^ = S[ ), 
in the Mandl-Shaw normalization [531, is, 



S\ 



(2) 



(-it 1 t 2 )(2i:) 4 5 4 {k 1 +K-k[- K') x 
BF 1 BF 2 111111 
V 2 ^2^7 y^J[ ^fhJ 2 ^fhJ z 

d 3 q 



:F B »{q)D{q 2 ), 



(25) 



where BF 1 = BF 2 = % /2^ for iV/ (a (980)) scatter- 
ing, or BF\ = 1 and BF 2 = 2m N for the ifA(1405) 
scattering. The propagator D(q 2 ) is 



D(q 2 



m N 



E N {q 2 )q* -E N (q 2 )+ie 



(26) 



for the case of iV/o(ao(980)) scattering, and 



D(q 2 ) 



gO _ g" 2 _ m 2^ _|_ ^ £ 



(27) 



for the case of ifA(1405) scattering. 

One must now take into account that the field normal- 
ization factor for the 7V/ O (a (980)) or K A(1405) scatter- 
ing amplitude are neither those of Eq. (|2"2")l or Eq. ([2"5]). 
But 



l2u 



/o(q (980)) 
2bJ 



I2u' 



K 



/o(ao(980)) 



G (s) 



' 2w /o(ao(980)) / 2w /o(a (980)) 



2uj k 



2lj 



K 



2^/ (a (980))2w^ (oo(g80)) 



d 3 q 



m N 



Wf Ff ° (a ° (980)) {<l) E^W 1 ) q°-E N (q 2 ) + 
for the case of N — (KK) f ( ao (9so)) configuration, 



G (s) 




ic 



for the case of K — (KN)^i4 05 ^ configuration. 

In Figs. [S] and [SI we show the real and imaginary parts 
of the loop function Go as a function of the invariant 
mass of the NKK system for the two cases, where the 
value of q° = (s + m 2 — M 2 )/(2y / i) is given by the energy 
of particle 3 in the center of mass frame of the particle 3 
and the bound state B*. 



III. RESULTS AND DISCUSSIONS 



BF l BF 2 1111 

S = —11 , — ■ X 

v 2 v^s^ V2^3 

(2Tt) 4 S 4 (k 1 + K-k[-K'). (28) 

where BFi = 2m N , BF 2 = 1 for Nf (a (980)) scatter- 
ing and BF\ = 1, BF 2 = 2Af A(1405) for the if A(1405) 
scattering. 

By comparing Eq. (|28|) with Eq. ([22]) for the single- 
scattering and Eq. (|25p for the double-scattering, we see 
we have to give a weight to t\ and t 2 such that Eqs. (p?2")) 
and (|25p get the weight factors that appear in the general 
formula of Eq. <P5)) . Taking this into account, the terms 
in the multiple scattering of the FCA can be summed up 
with Eqs. (J3HH1) and Eqs. (dSHHl) by means of 



In this section we show the results obtained for the 
scattering amplitude of the NKK system with total 
isospin 1 = 1/2 and spin-parity J p = 1/2+ . We eval- 
uate the scattering amplitude T and associate the peaks 
in the modulus squared \T\ 2 to resonances. 

In Fig. [7j we show the modulus squared \T\ 2 for the 
Nf — > Nf and Na — > Na scattering. The picture 
shows a clear peak for the Nao — > Nao case around 1915 
MeV, and a width of about 80 MeV 2 . There is no peak 



2 Although we mentioned that the wave functions provide finite 
momenta for the N, formally we could extrapolate the form fac- 
tor below threshold, making the N momentum purely imaginary. 
If we do that, the peak shifts to 1925 MeV, and the width is 
around 30 MeV. We mention these results as an indication of 
possible uncertainties below threshold. 
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total isospin / = 3/2, we also obtain a peak around 1960 
MeV. However, the strength is very small compared to 
the case of I = 1/2, too small to have a significant im- 
pact on a realistic amplitude when other components 
would necessarily mix in the wave functions. Yet, there 
are still more considerations to make. Indeed, we have 
assumed that the structure of this three body system 
corresponds basically to a cluster of KK, making either 
/o(980) or a (980), and a nucleon. It could be that the 
physical state would choose better another configuration 
where the KN cluster makes the A(1405). Indeed, the 
study of Ref. |37| showed that there was a correlation of 
KN around the A(1405), which was also mentioned in 
Ref. [li]]. In what follows, we pay attention to this other 
configuration. 



FIG. 5: Real (solid line) and imaginary (dashed line) parts 
of the Go as a function of the total energy for the case of 
N/0 (ao (980)) scattering. 








-20' 1 
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FIG. 6: Real (solid line) and imaginary (dashed line) parts 
of the Go as a function of the total energy for the case of 
iCA(1405) scattering. 



at this energy for Nfo — > N fo, but, a narrower peak ap- 
pears around 1950 MeV, which also appears with smaller 
strength for the case of Nclq — > Nao scattering. 

The peak appearing for Nao — > Nao could be asso- 
ciated with the one obtained in Ref. [34(. It should 
be noted that taking into account the transition from 
Nfo — > Nao is important. Although the two structures 
in Fig. [7] also appear when omitting the transition, its 
consideration leads to a much wider distribution around 
the peak in the case of the Nao Nao amplitude. We 
can also mention that in the case of Nao ~~ ^ Nao with 



0.06 



0.05 - 




1800 1850 1900 1950 2000 

S 1/2 (MeV) 

FIG. 7: Modulus squared of the JV/o(ao(980)) scattering am- 
plitude in /total = 1/2. The solid line and dashed line stand 
for the Nfo — >• Nfo scattering and the Nao — t Nao scatter- 
ing with the original form factors, respectively. The dotted 
{Nfo -t Nfo) and dash-dotted (Nao — > Nao) stand for the 
results obtained with the modified form factor of the cluster 
KK with a radius decreased by 20%. 

In Fig. [SJ we show the results of \T\ 2 for the case 
of ATA(1405) -> ATA(1405). Here we see a clear 
peak around 1925 MeV. The strength of \T\ 2 at the 
peak is similar to that of Fig. [7] for the Nao 
Nao scattering. A proper comparison requires to re- 
consider the normalization factors in the S matrix 
in the case of ATA(1405) ATA(1405) versus those 
of Nao — > Nao, as seen in Eqs. (|28[). It is then 
clear that the proper comparison is Tjvao-^ATao versus 
_jaggo) r gA ( 140 s)->.gA(i405)- Taking this into account we 

find that I "m'^ ^A(1405)-kkA(14Q5) I 2 — MT Nao ^ Nao \ 2 . 
It is thus clear that the preferred configuration is 
K A(1405). However, the K will keep interacting with the 
K or the N and sometimes can also make an /o(980) or 
&o(980), as one can see in the Table Q] which means that 
both the a (980) and A(1405) or / (980) and A(1405) 
configuration would be present as found in Refs. [35l437j |. 
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0.06 - 




0.00 r I 

1800 1850 1900 1950 2000 

S 1/2 (MeV) 

FIG. 8: Modulus squared of the ifA(1405) scattering ampli- 
tude. The solid line stands for the results obtained by using 
the original form factors, while the dashed line stands for the 
results obtained with the modified form factor corresponding 
to the cluster of KN with a radius decreased by 20%. 



Note that the peak of Fig. [8] is relatively narrow. Yet, 
once the _ftTA(1405) configuration would mix with the 
iVao(980) configuration of Fig. [3 the mixture would pro- 
duce a wider shape. The important thing is that both 
configurations peak around the same energy and hence 
the peak around this energy of any mixture of the states 
is guaranteed. 

The large dominance of the K A(1405) component over 
the V/ (a (980)) serves to put the peaks with moderate 
strength around 1950 MeV seen in Fig. [7] in a proper 
context, indicating that the effect of this configuration 
in that energy region can be diluted when other large 
components of the wave functions are considered, such 
that we should not expect that these peaks would have 
a much repercussion in any physical observable. 

As we mentioned earlier, we would like to test the sta- 
bility of the results by releasing the assumption of the 
FCA, ie, that the cluster of two particles on which the 
third one scatters is "frozen" in the process of multiple 
scattering. For this purpose we repeat the calculation 
using the reduced size of the KK or KN clusters, de- 
creasing their radii in 20%. The results can be seen in 
Figs. [7] and [HJ The basic features of Fig. [7J remain, the 
peak corresponding to the Nao component being visible 
but having become less sharp, and the same happens with 
the Nfo component. Yet, the most important thing, as 
shown in Fig. |8j is that the ifA(1405) component, which 
is by far the largest as we argued before, is practically 
unchanged, showing a neat peak around 1925 MeV. 

In summary, what is solid from our analysis is that 
one finds a clear peak in the scattering amplitude for the 
NKK system, indicating that we have a resonant state 
made of these components, built up mostly around the 



i(fA(1405) configuration and where the KK subsystem 
has an important overlap with the /o(980) and do (980) 
resonances. 

The stability of the main component, and the agree- 
ment of the results with the more sophisticated ones of 
Refs. [33 - l37j . shows that the FCA is a reliable tool for 
this problem and this gives support to its use in similar 
problems and conditions in other three hadron systems. 



IV. CONCLUSIONS 

We have conducted a study of the NKK system as- 
suming that there is a primary clustering of the parti- 
cles as V/ (980), Va (980), or #A(1405). By using the 
FCA to the Faddeev equations we have observed in both 
iVao(980) and XA(1405) configurations there is a clear 
peak around 1920 MeV indicating the formation of a res- 
onant NKK state around this energy. We also found 
that the XA(1405) configuration is the dominant one, 
where the KK subsystem can still couple to the /o(980) 
and arj(980) resonances. The results obtained here are in 
agreement with those obtained in Ref. [341 ] using a varia- 
tional procedure and in Refs. 35-37] using full Faddeev 
couple channels calculations, which support the existence 
of a N* state with spin-parity J p = l/2 + around 1920 
MeV. In Ref. [35| some arguments were given in favor of 
the peak seen in 773 — > K + A [53l - [55| around this energy 
being due to this resonance (other suggestions that do 
not exclude the one of Ref. [35[ are given in Refs. [56l — 
0). 

Since the independent works of Ref. [34[ and Refs. [H, 
together with that of Ref. [35j], already give strong 
support for the N* (1920) (1/2+) state, the main value 
of the present paper is not to provide extra support for 
this state but to test the reliability of the FCA to deal 
with the NKK system. We found the main results of the 
FCA to be rather stable and this gives us confidence that 
one can use this, technically easier, tool to study similar 
systems of three hadrons where the conditions are simi- 
lar. The fact that the energies of the particles are small 
and one is close to threshold of the three particle system 
should be viewed as one important condition for a reli- 
able FCA result. Should the scattering particle have a 
relatively large energy, one could no longer invoke that 
the cluster of the other two particles remain unchanged. 
This is intuitive, but it has been made quantitative in 
Ref. [5^] in the system made by (f>KK in connection with 
the <^>(2170) resonance. Works like the present one and 
that of Ref. [59| are setting the grounds for the applica- 
bility of the FCA, which should help make an exploration 
of likely bound three hadron systems in a span of time 
substantive shorter than with the lengthy and technically 
complicated full Faddeev calculations. 
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